I. INTRODUCTION
Perovskite oxide materials have very wide applications: various sensors, nonvolatile and dynamic random access memories, tunable capacitors for high-frequency microwave applications, electro-optic modulators, infrared detectors, and microelectromechanical systems. 1, 2 Hybridized semiconductors including perovskite oxide materials are being investigated intensively. 3 Among various perovskite oxide materials, Pb͑Zr x Ti 1−x ͒O 3 ͑PZT͒ is the most widely commercialized due to its excellent ferroelectric and piezoelectric material properties notwithstanding fatigue. 4 The interface degradation between PZT layer and metal electrodes is known to be the main cause for fatigue of PZT. 5 Other lead-free perovskite oxide materials such as Ba 1−x Sr x TiO 3 , SrBi 2 Ta 2 O 9 , and Bi 3.25 La 0.75 Ti 3 O 12 are being investigated as alternatives because of health and environmental concerns as well as fatigue-free properties.
Electrical properties of PZTs have been investigated intensively. 5 However, optical properties of PZT are relatively less investigated. 6, 7 Spectroscopic ellipsometry can measure dielectric functions ͑⑀͒ of ferroelectric thin films and subsequently can provide electronic band-structure information as well as thickness and microstructure. Several ellipsometric investigations have been reported. 7, 8 However, their spectral range was limited to the region below and near the lowest band-gap region, that is, between 1.5 and 5 eV. 7, 8 Ellipsometric studies have not been done which cover the near-infrared ͑NIR͒ to deep ultraviolet ͑DUV͒ spectral region.
PZT-based devices show excellent ferroelectric properties such as high remanent polarization and low coercive electric field. Semiconducting properties of PZT perovskite oxides have also been reported by using current-voltage measurements by Pintile et al. 9 and Boerasu et al. 10 They noted that a large concentration of defects can act as trapping centers and that Schottky barriers can be present at contacts instead. In order to obtain superior ferroelectric and piezoelectric properties, perovskite oxides ͑ABO 3 ͒ must be annealed after deposition to increase the perovskite phase. However, the a͒ perovskite phase may not result because of the incomplete transformation from pyrochlore phase ͑A 2 B 2 O 7 ͒, which lacks ferro-and piezoelectric properties. 11 The properties of PZT films can be modified optically and electrically by the addition of foreign ions, for example, La and Nb, substituting for host atoms ͓Pb, Zr ͑Ti͔͒. The addition of donor dopants reduces the concentration of intrinsic oxygen vacancies caused by PbO evaporation during the growth and annealing of PZT thin films. Electrons from donors compensate holes from acceptor impurities originating from Pb vacancies. The transparent Pb 1−x La x ͑Zr y Ti 1−y ͒ 1−0.25x O 3 ͑PLZT͒ films have distinguished electro-optic effects and excellent relaxor properties, and have improved various material characteristics: dielectric, ferroelectric, piezoelectric, electro-optic, and pyroelectric behaviors. 12 In general, relaxor behavior is characterized by a broad maximum in the temperature dependence of dielectric property, and a strong frequency dispersion of the permittivity at temperatures around and below the transition temperature. Nb dopant increases the electrical resistance of Pb 1−0.5x Nb x ͑Zr y Ti 1−y ͒ 1−x O 3 ͑PNZT͒ thin films and produces polarization hysterisis loops with low coercive fields and large remanent polarizations. 13 Pb 1−x La x Ti 1−x/4 O 3 ͑PLT͒ also has interesting properties of dielectric, ferroelectric, pyroelectric, piezoelectric, and nonlinear electro-optic properties. Particularly, relaxor behavior is observed. 14 In this work, we measured the pseudodielectric functions of PZTs, PLT, and doped PZTs. Using a parametric optical constant ͑POC͒ model, we estimated the dielectric functions of PZT layers and determined the critical-point ͑CP͒ parameters by performing a standard critical-point ͑SCP͒ model analysis. The determined band-gap values are consistent with literature values. The lowest band gaps are fitted as a double peak ͑E a and E b ͒, and the band-gap energies are almost constant, independent of Zr composition. We also compared the experimentally determined band-gap values with those of band-structure calculations of local-density approximation ͑LDA͒. The calculated results showed that PZT has a direct band gap at the X point and that the band-gap energy is almost constant as a function of Zr composition.
II. EXPERIMENTS
We grew Pb͑Zr x Ti 1−x ͒O 3 ͑x = 0.56 and 0.82͒ ͑abbreviated as PZT56 and PZT82͒ samples on sapphire ͑Al 2 We used rf sputtering to grow PZT56 and PZT82 on sapphire. The growth temperature was measured to be 410°C, and rf power was 200 W. The argon and oxygen gas flow rates were 40 and 19 SCCM ͑standard cubic centimeter per minute͒, respectively. We used a nominal Pb 1.2 ͑Zr 0.5 Ti 0.5 ͒O 3 target of 20% excess Pb, adopted a rotating substrate holder, and used additional Zr and Ti pellets to control stoichiometry. The PZT samples were annealed at 800°C in air to obtain the perovskite phase.
PZT, PLT, PNZT, and PLZT thin films with 270 nm thickness were grown using sol-gel process on platinized silicon wafer. The structure of the platinized silicon was Pt͑150 nm͒ / TiO 2 ͑40 nm͒ / SiO 2 ͑500 nm͒ / ͑100͒ silicon substrate. The Pt and TiO 2 layers were deposited by e-beam deposition. PZT layers were crystallized by annealing in oxygen ambient at a temperature of 650°C. Ferroelectric capacitors were fabricated from PZT, PLT, PNZT, and PLZT samples and tested using ferroelectric testers at Radiant Technologies. They showed excellent ferroelectric hysteresis behavior in terms of low coercive bias voltage and large remanent polarization. For example, the PNZT layer had a coercive bias voltage of 2 V and remanent polarization of 18 C/cm 2 . Microstructure and crystal orientation were determined using a conventional x-ray diffractometer ͑MacScience Model M18XHF, maximum power 18 kW͒. The compositions were determined by using energy-dispersive x-ray spectrometry ͑EDS͒. We estimated surface roughness with atomic force microscopy ͑AutoProbe CP Research System, Thermo Microscope Inc.͒. Surface morphology of the samples was diagnosed with scanning electron microscopy. The x-ray and atomic force microscopy ͑AFM͒ results are summarized in Table I .
Spectroscopic ellipsometric measurements were performed using variable angle spectroscopic ellipsometry and vacuum ultraviolet spectroscopic ellipsometry ͑J. A. Woollam Co.͒ at incidence angles of 60°, 65°, 70°, and 75°using an autoretarder. Multiangle capability increases the accuracy of layer modeling.
III. RESULTS

A. X ray and microstructure
Figures 1͑a͒-1͑h͒ show the x-ray data of the PZT, PLT, and doped PZT thin films. PZT56 and PZT82 which were sputter grown on sapphire and annealed showed higher crystallinity than PZT20, PLT, PNZT, and PLZT samples sol-gel grown on platinized silicon substrates because the x-ray intensity from the perovskite phase was much higher for the sputter-grown and annealed samples. As-grown PZTs using sputter deposition have mainly the pyrochlore phase with a small proportion of the perovskite phase as shown in Figs. 1͑a͒ and 1͑c͒. 15 Table I lists the main x-ray peaks from the perovskite phase of annealed PZTs and those of the pyrochlore phase from as-grown PZTs. PZTs grown on platinized silicon wafer using the sol-gel method have mainly ͑001͒ perovskite phase, whereas PZTs grown using the sputtering method have mainly the ͑111͒ phase for PZT56 and mainly the ͑110͒ phase for PZT82. Sample microstructure and crystal orientation can be affected by Zr composition, buffer and substrate effects, annealing condition, and growth methods. A morphotropic phase boundary of tetragonal to rhombohedral phase transition occurs at Zr= 0.53 for bulk PZT crystals. 16 Note that annealed PZT56 shows a small amount of ␣-PbO phase, which formed during annealing, as shown in Fig. 1͑b͒. 
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B. Spectroscopic ellipsometry
We modeled the sample structures as surface roughness layer, main layer, and substrate. To model the surface roughness layer, we used an effective-medium approximation with a mixture of the main layer and voids. The effective dielectric function was calculated by the Bruggeman effectivemedium approximation ͑EMA͒,
where the effective dielectric function of the rms roughness layer was denoted by ⑀ eff , and dielectric functions ͑volume fractions͒ of PZT phase and voids are denoted, respectively, as ⑀ pzt ͑f pzt ͒ and ⑀ void ͑f void ͒. Details are shown in Table II .
The dielectric function of the main PZT layer was fitted using the POC model, in which the dielectric function is written as the summation of m energy-bounded, Gaussianbroadened polynomials and P poles accounting for the index effects due to absorption outside the model region. 19 The advantage of the POC model is that we can determine simultaneously both the band-gap parameters and the dielectric function from the pseudodielectric function. The POC model equation is Kramers-Kronig consistent, and is given by
where 
where u͑x͒ the unit step function. Here E j , j , and A j are the energy threshold, broadening, and amplitude, respectively, for the jth band-gap structure. The SCP model assumes simple parabolic dispersion relations for the valence and conduction bands and was developed by Cardona 20 and Aspnes. 21 This model provides accurate CP parameters such as energy threshold, broadening, amplitude, and excitonic phase angle. The SCP line-shape equation is given by 22
where the CP is described by the amplitude A, threshold energy E, broadening ⌫, and the excitonic phase angle ⌽. The exponent n takes the values of −1 / 2 for one-dimensional ͑1D͒, 0 ͓logarithmic, i.e., ln͑ប − E + i⌫͔͒ for twodimensional ͑2D͒, and 1/2 for three-dimensional ͑3D͒ CP's. Discrete excitons are represented by n = −1. Here the excitonic phase angle ⌽ represents a coupling between the discrete exciton states and continuum band states. To remove the background contribution, we fit the second derivative of the dielectric function with respect to energy ͓d 2 ⑀ / d͑ប͒ 2 ͔ using the SCP model. Figure 2 shows the pseudodielectric functions of ͑a͒ PZTs and ͑b͒ PLT and doped PZTs. The three band-gap peaks are identified as E a , E b , and E c , respectively. The band- gap peaks are more clearly discerned in the derivative spectra of the fitted PZT dielectric functions as shown in Figs. 5 and 6. Pseudodielectric functions in the spectral range below 4 eV were dominated by very strong interference patterns for sol-gel-grown PZT thin films on platinized silicon wafers, suggesting very abrupt interfaces. In the case of sputterdeposited PZTs on sapphire substrates, the interference patterns were not so strong suggesting relatively rougher interfaces. Figure 3 is the measured ellipsometric parameter ⌿ measured at 70°angle of incidence for the PZTs, PLT, and doped PZT samples and the best-fit curves using layer modeling as FIG. 1. X-ray data of the PZT, PLT, and doped PZT samples: PZT56 ͑a͒ as sputter grown and ͑b͒ annealed, and PZT82 ͑c͒ as sputter grown and ͑d͒ annealed. Others are grown by sol-gel method: ͑e͒ PZT20, ͑f͒ PNZT, ͑g͒ PLZT, and ͑h͒ PLT. Pv and Pr designate perovskite and pyrochlore phases, respectively.
094108-4
Lee et al.
[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
described above. The fitting was performed using the POC model. Note that we assumed isotropic dielectric function for PZTs, even though x-ray-diffraction data suggested various main crystal orientations for different PZTs. The ellipsometric parameters ⌿ and ⌬ can be converted to the pseudodielectric functions using a simple formula. 23 The raw data and curve fits matched very well and they could not be discerned separately in Fig. 3 . The fit parameters are shown in Tables I and II. The lowest energy peak of all the PZTs, PLT, and doped PZTs could be fitted as double peaks rather than a single peak using the POC model. Note that Yang et al. 7 fitted the peak as a single peak. The fitted band-gap values of the POC model are shown in Table II .
The fitting parameters were the thickness of the thin film and the volume fraction of each constituent as well as the dielectric functions of PZTs. The parameter values were determined using the nonlinear Levenberg-Marquardt algorithm, which minimized 2 , a measure of the goodness of the fit,
where N is the number of data points, m is the number of the fitting parameters, and ͗⑀͘ exp and ͗⑀͘ mod are the measured and modeled pseudodielectric functions, respectively. The modeled pseudodielectric function ͗⑀͘ mod is a function of the thickness of the thin film, the volume fraction, and the dielectric functions of the void and PZT materials. The ellipsometrically fitted parameters are listed in Tables I and II. The layer fitting was excellent when we fit the pseudodielectric functions in the spectral range between 0.8 and 6.5 eV. However, when we attempted the fitting in the entire spectral range of 0.8-9.25 eV, it was not very successful for some PZT or doped PZT thin films. The fitting in the DUV spectral range was not satisfactory possibly because the interference pattern in the NIR-visible ͑VIS͒ range was dominant. Therefore, we fitted the UV-DUV region separately in the 4.0-9.25 eV range using the POC model. We assumed a surface roughness layer with a mixture of 50% void and 50% main layer for the layer modeling in the UV-DUV spectral range. The fitting was so successful that the raw data and fit curve could not be discerned from each other. We note that the fitting in the UV-DUV spectral range is sensitive to the surface roughness layer, but insensitive to the thickness of the main layer because of very small penetration depth of the light. The band-gap energy E c is listed inTable II.
In Table I , the thicknesses of surface roughness determined by ellipsometry is much larger than the rms roughness values determined by AFM. However, the increase of roughness of PZTs grown on the Al 2 O 3 substrates compared with those grown on platinized silicon is qualitatively consistent for both ellipsometry and AFM. Figure 4 is the fitted dielectric function of each PZT layer. The dielectric function of the PLT layer had the narrowest peak among all the PZTs and doped PZT layers. Hence, if we assume that the broadening comes from com- 2+ and La 3+ , and will cause vacancies of Pb and La to meet the criteria of neutrality. 24 Note that Zr 4+ and Ti 4+ have the same valences. Therefore, the narrow peak of PLT is surprising because the compositional disorder should be larger for PLT. The dielectric functions of PLZT and PNZT are similar to those of PZTs even with additional elements of La 3+ or Nb 5+ atoms. Note that Pb and La occupies the A site, and that Nb, Zr, and Ti occupies the B site. Figure 5 is the plot of second derivative of dielectric functions and their fit using SCP model. Figure 6 is the same as Fig. 5 for the DUV spectral range on PZT20, PLT, and doped PZTs which were grown on platinized silicon using sol-gel methods. The fitted band-gap energies ͑E a and E b in Fig. 5 and E c in Fig. 6͒ are marked with arrows. Yang et al. 7 assumed that the lowest optical structure near 4 eV is a single peak in their layer modeling of the dielectric function of PZTs. However, our POC model fitting shows that the 4 eV structure of the PZTs have double peaks as verified in the second derivative spectra of the fitted dielectric function shown in Fig. 5͑a͒. In Fig. 5͑a͒ , PZT56 and PZT82 have distinctively double peak structures probably because sputter-grown PZTs have higher crystallinity than those grown by the sol-gel method as shown in Fig. 1 .
In order to estimate the band-gap parameters accurately, we took the second derivative of the dielectric functions and fitted using the SCP model. We found that an exciton fit was the best fit for E a , E b , and E c rather than a one-, two-, or three-dimensional CP fit. The CP ͑band gap͒ energies were denoted as E a , E b , and E c for both the perovskite and pyrochlore phases in the order of increasing energy for simplicity. Excitonic interaction appears strong in the perovskite oxide similar to the semiconductor oxide ZnO. Strong ionic bonding rather than covalent bonding may be responsible for the strong excitonic interaction. Actually, perovskite oxide can be classified as a semiconductor because the band gap is near 4 eV which is slightly larger than that of ZnO ͑ϳ3.35 eV at RT͒. Here the exciton may be Frenkel rather than Wannier type due to its strongly localized character. 22 The CP energies, listed in Table II , were determined using both the POC model and SCP model.
In Fig. 5͑a͒ , the apparent single peak in the d 2 ⑀ / d͑ប͒ 2 spectra of PZT20 could be fitted much better assuming double peaks rather than a single peak in the POC model. For the doped PZTs and PLT, double-peak fitting in the SCP model provided two correlated, closely spaced band-gap energies. This may be due to the close overlap of the two broad peaks. Therefore, we fitted the optical structures of PNZT, PLZT, and PLT using a single peak rather than a double peak. The fitted band-gap values are listed in Table II . We also performed SCP fitting to the second derivative of the dielectric function in the DUV spectral range and could fit the higher band-gap energy E c . Figure 7 plots the CP energies E a , E b , and E c as a function of Zr composition for PZTs. We also plotted the bandgap energy values from literature. With increasing Zr composition, the band gap increased slightly for E a and E b . This result is consistent with literature, where the band-gap energies either increased slightly or did not change. [6] [7] [8] 25 Our fitted band-gap values are in general larger than the literature values. The slight increase or near constancy of the band-gap energies, E a and E b , of PZTs as a function of the Zr content suggests that the substitution of Ti by Zr does not change appreciably the electronic band structure of PZT materials. The band-gap energy ͑E c ͒ does not show any sign of monotonic behavior.
IV. DISCUSSION
The reason why the band-gap energy values of this work are higher than those available in literature may be attributed to the fact that the band-gap energies were determined accurately using SCP fitting rather than the band edge ͓␣ 2 ͑Ref. 6͔͒ or optical band-gap ͓͑␣E͒ 2 ͑Ref. 7͔͒ values determined from optical absorption spectra. We checked this by plotting the absorption coefficient from our optical constant values.
From the estimated refractive index values ͑ ͱ ⑀ = n + ik͒, we calculated the absorption coefficient ͑␣͒. Using the absorption coefficient so determined, we determined the direct band gap ͑E g ͒ using the relation ␣ 2 ϰ ͑E − E g ͒ ͑Ref. 6͒ and also determined the optical band gap ͑E opt using the relation ͑␣E͒ 2 ϰ ͑E − E opt ͒. 7 The fitted band-edge energy values were smaller by about 0.2 and 0.1 eV, respectively, than E a , i.e., the ellipsometrically determined CP energy values. Our band-gap energy is about 0.1-0.4 eV larger than the literature values. Peng et al. 6 and Yang et al. 7 estimated the bandedge energies using the absorption spectra, which were measured directly or derived from the modeled ellipsometric data. Therefore their values are smaller than our CP energies.
The ellipsometry data of Yang et al. cover only up to 5 eV. Moreover, their fitting using the Forouhi-Bloomer model gave only a single peak in contrast to our double peak fitting. The x-ray data of annealed PZTs of Yang et al. 7 show a significant amount of remaining pyrochlore phase as well as a perovskite phase. This may explain why they could fit the optical structure as a single peak rather than as double peak. Our annealed PZTs show only the perovskite phases. In Table II , sputter-grown PZT56 and PZT82 thin films without annealing have essentially single peaks near 4 eV probably because the pyrochlore phase is dominant in the films as shown in x-ray data of Figs. 1͑a͒ and 1͑c͒ . 26 In Table II and Fig. 5 , small amounts of Nb and La dopants do not cause an appreciable shift of band-gap energies for E a , E b , and E c .
The band-gap energies of ferroelectric thin films can be affected by the strain and electric field. In ferroelectric thin films, the strain and electric field are correlated due to inherent piezoelectricity. Strains can arise from both the lattice mismatch and difference in thermal expansion coefficient between the films and substrate. In analyzing the Zr composition dependence of the band-gap energies of PZT in Fig. 7 and Table II , we did not include the strain and electric effect. In Table II , the band-gap energies of E a of PNZT and PLZT did not change within error bars compared to those of PZT20 and PZT56, respectively. This result is not surprising considering the low concentration of Nb ͑4%͒ and La ͑9%͒. This result shows that the substitution of Ti ͑Zr͒ by Nb or the substitution of Pb by La does not affect much the band-gap energy of the corresponding PZT.
Band-structure calculations
To understand the Zr composition dependence of the PZT band-gap energies in Fig. 7 , we have carried out firstprinciples band-structure calculations for bulk PZT, neglecting the effect of strain and electric field. Even though the band structures of the thin films will be affected by strain and electric-field effects, the band calculations will give qualitative information on the Zr composition dependence of PZT band-gap energies.
The calculations are performed within local-density approximation ͑LDA͒ as implemented in the Vienna ab initio Simulation Package ͑VASP͒ code. [26] [27] [28] The cutoff energy for the basis functions is 396 eV. The calculated lattice constants for the two end-point materials PbTiO 3 ͑PTO͒ and PbZrO 3 ͑PZO͒ are 3.87 and 4.11 Å, respectively, in good agreement with the experimental values of 3.96 and 4.13 Å. The LDA calculated band gaps are smaller than the experimental band gaps due to the well-known LDA band-gap error. To facilitate direct comparison with experiment, we have shifted uniformly all the conduction band energy by 1.37 eV. Figures  8͑a͒ and 8͑b͒ are the calculated band structures for PTO and PZO at experimental lattice constants. The calculated results show that both PTO and PZO have direct band gaps at the X point. The valence-band maximum 28, 29 ͑VBM͒ at X has the X 4 Ј v symmetry and is mostly a mixture of O p and Pb s states. However, for PTO the conduction-band minimum ͑CBM͒ at X is an X 3c state, 28, 29 whereas in PZO the CBM is an X 1c state. X 3c is a transition metal ͑TM͒, Ti and Zr, d state. Therefore, its energy is sensitive to the TM concentrations. Because the Zr 4d atomic energy level is about 0.73 eV higher than the Ti 3d level, when the Zr concentration increases, the X 3c level also increases as shown in Fig. 9 . Figure 9 plots the calculated band-gap energies of PZT as a function of Zr composition. The X 1c state is mostly an O s and Pb p state, and the VBM has the Pb s and O p character, thus their energy levels are not sensitive to the TM substitution. We find that relative to VBM the X 1c gap energy decreases slightly when Zr concentration increases ͑Fig. 9͒. It is interesting to note that the energy of the bottom of the conduction-band state at ⌫ ͑⌫ 25 Ј c ͒ is nearly identical to the X 3c state because they have the same atomic character ͑TM d͒. Similarly, the top of the valence-band state at ⌫ ͑⌫ 15v ͒ and the X 5 Ј v state are nearly pure O p states, so they also have almost the same energy.
Due to the symmetry, the dipole transition-matrix element squared ͉͗VBM͉ P ͉ X 3c ͉͘ 2 is nearly zero ͑Table III͒, but is large for ͉͗VBM͉ P ͉ X 1c ͉͘ 2 . This indicates that for PTO-or Ti-rich PZT the measured optical band gap ͑determined mostly by transition to the vicinity of X 1c state͒ is larger than the fundamental band gap ͑determined by the X 3c state͒. By comparing with experimental data, we suggest that the E a band gap determined by the ellipsometrical measurement can be attributed mostly to the X 4 Ј v → X 1c transitions. The calculated X 4 Ј v → X 1c band-gap energy decreases slightly when Zr concentration increases. However, because the magnitude of the transition-matrix elements increases when the k points move away from the X point for the fundamental band gap along the X-⌫ and X-M directions, the actual optical band gap for PTO is smaller than the X 4 Ј v → X 1c energy difference. This can be seen clearly from the calculated absorption coefficient ͑Fig. 10͒, where, we see that the threshold energy of E a or PTO and PZO is nearly constant at about 3.85 eV, in agreement with experimental data in Fig. 7 .
Robertson et al. 29, 30 calculated the band structure of PZTs and showed a small increase of X 4 Ј v → X 1c band-gap energy with increasing Zr composition. They attributed the increase of the band-gap energy to the increase of the X 1c conduction-band energy due to an increase of the lattice constant as Zr concentration increases. Although our results are similar to theirs in that the optical band gaps are almost 
constant, independent of the Zr compositions, we find the opposite trend for the X 4 Ј v → X 1c transition energy, i.e., it decreases with the Zr concentration. However, our results are similar to those calculated by King-Smith and Vanderbilt, 30, 31 which are consistent with our finding that the X 4 Ј v → X 1c transition energy actually decreases as the lattice, constant increases. We find that although the X 4 Ј v → X 3c transition is nearly forbidden, the transitions from the second valence band ͑X 5 Ј v ͒ to both conduction states X 1c and X 3c are allowed. Figure 9 plots the variations of X 5 Ј v → X 1c and X 5 Ј v → X 3c as a function of Zr concentration. As discussed earlier, the ⌫ 15v → ⌫ 25 Ј c transition ͑not shown͒ is nearly identical to that of X 5 Ј v → X 3c transition because they have similar wave-function characters. We find that X 5 Ј v → X 1c transition energy decreases as Zr concentration increases, whereas the X 5 Ј v → X 3c transition energy increases as the Zr concentration increases. We suggest that the measured E b band gap can be due to transitions along the X-⌫ and X-M lines originating from these two transitions. From the calculated absorption spectra in Fig. 10 , we see that the E b band-gap energy increases from PTO to PZO, also consistent with experimental observation.
We caution that more detailed band-structure calculations and experimental estimate of the strain and electric field in the thin films are required for quantitative comparison between the calculated and the experimentally measured band-gap energies. For example, for band-structure calculations we did not include the effect of strain and electric field, and assumed cubic crystalline phase although PZT crystals have tetragonal ͑ZrϽ 52% ͒ and rhombohedral phases ͑Zr Ͼ 52% ͒.
V. CONCLUSION
We measured the pseudodielectric functions in the visible-deep ultraviolet spectral range of Pb͑Zr 3 thin films grown on platinized silicon substrates using a sol-gel method and grown on ͑0001͒ sapphire using a rf sputtering method. Using the POC model method, we estimated the dielectric functions of the ferroelectric thin films. Taking the second derivative of the fitted layer dielectric functions and using the standard critical-point model, we determined the parameters of the critical points. The lowest energy peak near 4 eV is fitted as a double peak for annealed PZTs due to perovskite phase. Sputter-grown PZTs without annealing had mainly a pyrochlore phase and the lowest band-gap peak was fitted as a single peak. We also examined the effect of dopants Nb and La, which substitute at Pb sites. We discussed the change of the CP parameters for PZTs in comparison to band-structure calculations. The near constancy of the bandgap energy ͑E a ͒ is verified by both ellipsometric spectra and LDA band structure calculations.
